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„ (57) Abstract: A roll angular velocity sensor (20) and a lateral velocity sensor (42) are operatively coupled to a processor (26), which 
generates a signal for controlling a safety restraint system (30, 32, 36, 38, 39, 40) responsive to measures of roll angular velocity 



and lateral velocity. In one embodiment, the processor (26) delays or inhibits the deployment of the safety restraint system (30) 
^* responsive to a measure responsive to the measure of lateral velocity, either alone or in combination with a measure of longitudinal 
velocity. In another embodiment, a deployment threshold is responsive to the measure of lateral velocity. The lateral velocity may 
be measured by a lateral velocity sensor (42), or estimated responsive to measures of lateral acceleration, vehicle turn radius, and 
^ either longitudinal velocity or yaw angular velocity, wherein the turn radius is estimated from either a measure of steering angle, a 
^ measure of front tire angle, or measures of forward velocity separate front wheel speed sensors. 
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VEHICLE ROLLOVER DETECTION SYSTEM 

In the accompanying drawings: 

FIG. la illustrates a rear view of a vehicle prior to the initiation of a roll event; 

FIG. lb illustrates a rear view of a vehicle during a roll event; 

5 FIG. 2 illustrates a block diagram of a rollover detection system; 

FIG. 3 illustrates a flow diagram of a rollover detection algorithm; 

FIG. 4 illustrates a flow diagram of a data acquisition and preprocessing algorithm 
incorporated in the rollover detection algorithm; 

FIG. 5 illustrates a flow diagram of a safing algorithm incorporated in the rollover 
10 detection algorithm; 

FIG. 6 illustrates a flow diagram of the rollover detection algorithm; 

FIG. 7 illustrates a flow diagram of an algorithm incorporated in the rollover detection 
algorithm for determining if sensor recalibration is required; 

FIGS. 8a, 8b and 8c are tables that illustrate details of the rollover detection algorithm; 

15 FIGS. 9a and 9b are tables that illustrate examples of values of parameters of the rollover 
detection algorithm; 

FIG. 10 illustrates a table of conditions associated with various rollover events and non- 
rollover events; 

FIG. 11a illustrates a plot of filtered roll rate, roll angle and filtered lateral acceleration of 
20 a vehicle subjected to a corkscrew roll test designated as Test A, resulting in a rollover event; 

FIG. lib illustrates a plot of filtered roll rate, roll angle and filtered lateral acceleration 
of a vehicle subjected to a corkscrew roll test designated as Test B, resulting in a non- 
rollover event; 

FIG. 11c illustrates a plot of filtered roll rate, roll angle and filtered lateral acceleration of 
25 a vehicle subjected to a deceleration sled test designated as Test C, resulting in a non-rollover 
event; 
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FIG. lid illustrates a plot of filtered roll rate, roll angle and filtered lateral acceleration 
of a vehicle subjected to a deceleration sled test designated as Test D, resulting in a rollover 
event; 

FIG. 12 illustrates plots of a figure-of-merit and an associated deployment threshold for a 
5 rollover measure as a function of time, in accordance with a measures algorithm, for the 
rollover event of Test D and the non-rollover event of Test C; 

FIG. 13 illustrates a plot of roll rate as a function of time for a signal having a roll rate 
offset; 

FIG. 14 illustrates plots of roll angle as a function of time based upon the data of Fig. 13, 
10 for various associated processes for determining roll angle from roll rate; 

FIG. 15 illustrates plots of roll rate as a function of roll angle, and plots of associated 
rollover thresholds, in accordance with an energy algorithm, for the rollover event of Test A 
and the non-rollover event of Test B; 

FIG. 16 illustrates an embodiment of a rollover detection system comprising a lateral 
15 velocity sensor; 

FIG. 17 illustrates an adjustment of a roll rate - roll angle deployment threshold 
responsive to a measure of lateral velocity; and 

FIG. 18 illustrates a threshold multiplier as a function of lateral velocity. 

There exists a need for a vehicle rollover detection system that provides for 
20 discrimination of vehicle rollover sufficiently quickly to enable associated safety restraint 
actuators, e.g. seat belt pretensioners, air bags or roll curtains, to be deployed before an initial 
head contact with the interior of the vehicle, particularly for the types of rollovers resulting in 
relatively fast head closure times. For example, there are some roll events for which head 
closure may occur before it can be reliably determined from the physics of the roll event 
25 whether the vehicle will completely rollover. There further exists a need for a robust vehicle 
rollover detection system that provides for sufficiently fast discrimination of vehicle rollover 
responsive to either relatively slow or relatively fast rollover events. 

Referring to Fig. la, a rollover detection system 10 is seen mounted in a vehicle 12. 
The vehicle 12 is shown with a local Cartesian coordinate system with the X-axis aligned 
30 with the vehicle's longitudinal axis - positive forward, - the Y-axis aligned with the 
vehicle's lateral axis - positive leftward, - and the Z-axis aligned with the vehicle's vertical 
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axis - positive upward. The vehicle 12 has a mass M, and the associated center-of-gravity 
CG thereof is located at a height Z 0 above the ground The vehicle 12 is shown sliding at a 
velocity U in the negative Y direction towards an obstruction 14. 

Referring to Fig* lb, upon one or more wheels 16 of the vehicle 12 engaging the 
5 obstruction 14, the resulting reaction force F therefrom causes the vehicle 12 to rotate 
about the X-axis relative to a trip point 13, at a time dependent angular velocity co x (t) 
causing a time dependent angular position 0(t), wherein the vehicle 12 has a moment-of- 
inertia I x about the associated axis of rotation that is parallel with the X-axis and intersecting 
the trip point 13. The rotation of the vehicle 12 increases the height Zcg of the center-of- 
10 gravity CG relative to the height Zo thereof prior to engagement with the obstruction 14, 

thereby increasing the potential energy M * g • (Z CG - Z 0 ) of the vehicle 12 relative to the pre- 

engagement position and orientation. Accordingly, the potential energy of the vehicle 12 is 
dependent upon the angular position 0 thereof. Furthermore, with rotation, the vehicle 12 

gains an angular kinetic energy of I x — — . The reaction force F also causes a linear 

2 

F 

15 acceleration A = — of the center-of-gravity CG, as indicated by the lateral acceleration 

M 

component A y (t) along the local Y-axis. Whereas Figs la and lb illustrate a roll event 
caused by the impact of a sliding vehicle with an obstruction, it should be understood that roll 
events can be caused by other scenarios, e.g. a tire blowout followed by a subsequent 
engagement of the associated wheel rim with the ground. Accordingly, the rollover 
20 detection system 10 is not limited to a particular type of roll event. 

Referring to Fig. 2, the rollover detection system 10 comprises a lateral accelerometer 
18 and an angular rate sensor 20, which are preferably, but not necessarily, mounted 
proximate to the center-of-gravity CG of the vehicle 12. The lateral accelerometer 18 is 
responsive to a time dependent lateral acceleration component A y (t) of acceleration along 

25 the local Y-axis. For example, the lateral accelerometer 18 may comprise an accelerometer, 
e.g. a micro-machined accelerometer having at least one axis of sensitivity, with an axis of 
sensitivity substantially aligned with the local Y-axis. The angular rate sensor 20, e.g. a 
gyroscope, is oriented so as to be responsive to a time-dependent component of angular 
velocity co x (t) about the local X-axis. The lateral accelerometer 18 and angular rate sensor 

30 20 are operatively coupled to respective filters 22, 24 that filter the respective signals A y (t) 
and © x (t) for processing by a processor 26 having a memory 28. It should be understood 
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that the filters 22, 24 can be either separate from or incorporated in the processor 26, and 
may be either analog or digital, or a combination thereof, as known to one of ordinary skill in 
the art. Moreover, the filters 22, 24 could be adapted as part of the respective lateral 
accelerometer 18 or angular rate sensor 20. The processor 26 processes the respective 

5 filtered Ay (t) and & x (t) signals so as to discriminate whether or not the vehicle would be 

likely to roll over, and responsive thereto, to control the actuation of appropriate safety 
restraint actuators 30 so as to mitigate rollover induced injury to an occupant of the vehicle 
12. For example, the processor 26 may comprise a digital computer, microprocessor or other 
programmable device, an analog processor, analog or a digital circuitry, or a combination 

10 thereof. Moreover, the safety restraint actuators 30 may include, but are not limited to, a 
seat belt pretensioner 32 operatively connected to a seat belt 34; a thorax air bag inflator 
36 adapted to provide protection from both rollover and side-impact crashes; a roll curtain 
38 adapted to deploy between the occupant and the side window 39 of the vehicle 12; or an 
overhead air bag inflator 40 adapted to deploy an air bag from the roof or headliner of the 

15 vehicle 12. Whereas Fig. 2 illustrates the safety restraint actuators 30 for one seating 
position of the vehicle 12, it should be understood that safety restraint actuators 30 may be 
provided at each seating position, and that the rollover detection system 10 can be adapted 
to control any or all of the safety restraint actuators 30 responsive to rollovers in any 
direction for which the associated safety restraint actuators 30 are adapted to mitigate 

20 occupant injury. Moreover, the particular set of safety restraint actuators 30 need not 
necessarily include all of those described hereinabove, or may include other types of safety 
restraint actuators 30 not described hereinabove. 

Referring to Fig. 3, in accordance with one embodiment of a rollover detection 
algorithm 100 for detecting a vehicle rollover and controlling the actuation of one or more 
25 associated safety restraint actuators 30 - e.g. in accordance with the apparatus illustrated in 
Fig. 2 - comprises the combination of a data acquisition and preprocessing algorithm 
150, a measures algorithm 300.1, an energy algorithm 300.2, a safing algorithm 200 and 
associated logic 330', 340 that generates a signal 342 that controls the actuation of the safety 
restraint actuator (s) 30 responsive thereto. 

30 The measures algorithm 300.1 uses a heuristic, time-domain discrimination process to 
detect a rollover condition, and can be beneficial in shortening deployment times for most 
rollover events characterized by relatively fast head closure times (e.g. < 250 msec) that are 
typically associated with larger lateral vehicle forces. The measures algorithm 300.1 
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utilizes both the filtered lateral acceleration component Ay and filtered angular velocity 

(b x signals to evaluate a function that is compared with a threshold, that along with other 
criteria, are used to make a deployment decision. 

The energy algorithm 300.2 uses a phase-space discrimination process — based upon the 
5 physics associated with a vehicle rollover process — to detect a rollover condition, and can be 
beneficial in providing reliable deployment decisions for slower roll events that are caused 
primarily by vertical forces on the vehicle or by low level lateral forces on the vehicle 12. 
The energy algorithm 300.2 utilizes the filtered angular velocity & x signal to determine 

the roll state of the vehicle 12 and to compare the instantaneous total energy (rotational 
10 kinetic and potential) thereof with that needed to cause the vehicle 12 to roll past an 
associated equilibrium position. The energy algorithm 300.2 utilizes both the filtered 

lateral acceleration component^ and filtered angular velocity & x signals in the 

associated entrance and exit criteria. 

Whereas Fig. 3 illustrates the measures algorithm 300.1 and the energy algorithm 
15 300.2 used in combination, it should be understood that this is not essential, and that either of 
the algorithms can be used alone. However, the combination of algorithms increases the 
robustness of the associated rollover detection system 10, because for some conditions, e.g. 
"curb-trip" conditions, the measures algorithm 300.1 can provide faster discrimination than 
the energy algorithm 300.2; whereas for other conditions, e.g. "corkscrew", "ramp" or "flip" 
20 conditions, the energy algorithm 300.2 can provide faster discrimination than the measures 
algorithm 300.1. 

The measures algorithm 300.1 and energy algorithm 300.2 are independent of one 
another, although each utilizes common, filtered data from the data acquisition and 

preprocessing algorithm 150, i.e. a filtered lateral acceleration component^ and a 
25 filtered angular velocity a* x . Both the measures algorithm 300.1 and the energy 
algorithm 300.2 are characterized by associated entrance and exit criteria, wherein 
calculations associated with the respective algorithm are commenced if the respective 
associated entrance criteria is satisfied, and these calculations are terminated if the respective 
associated exit criteria is satisfied, and then reset if and when the entrance criteria are 
30 subsequently satisfied. 
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The safing algorithm 200 can improve the reliability of the rollover detection system 

10 by providing an independent set of conditions, or safing criteria — dependent upon the 

*** 

filtered lateral acceleration component A y and/or filtered angular velocity a> x — that 

must be met in order to enable the deployment of the one or more associated safety restraint 
5 actuators 30. Both the measures algorithm 300.1 and the energy algorithm 300.2 are each 
"safed" by a common safing algorithm 200. Whereas the safing algorithm 200 provides for 
additional discrimination so as to mitigate against an undesirable actuation of the safety 
restraint actuators 30 responsive to non-rollover events, it should be understood that the 
safing algorithm 200 is not essential, and that either measures algorithm 300.1 or the 
10 energy algorithm 300.2 can be used alone, or in combination with one another, with or 
without the safing algorithm 200. 

In the operation of the rollover detection algorithm 100, responsive to data from the 
data acquisition and preprocessing algorithm 150, if either the measures algorithm 300.1 
OR 330' the energy algorithm 300.2 detects a vehicle rollover condition, AND 340 if the 
15 safing algorithm 200 determines that an associated independent safing condition is satisfied, 
then, in step (350), one or more safety restraint actuators 30 are deployed so as to mitigate 
injury to an associated occupant of the vehicle, that could result from the rollover event, 
whether or not the vehicle 12 actually rolls over. 

The data acquisition and preprocessing algorithm 150, safing algorithm 200, 
20 measures algorithm 300.1, and energy algorithm 300.2 are described hereinbelow with 
reference to flow charts illustrated in Figs. 3-7. Fig. 6 illustrates a flow chart of a general 
algorithmic structure of both the measures algorithm 300.1 and the energy algorithm 
300.2, wherein particular details of the measures algorithm 300.1 and the energy algorithm 
300.2 are provided in table format in Figs. 8a-c. The algorithms are described 
25 mathematically, wherein parameters are used for application specific constants, and these 
parameters are listed in Figs. 9a and 9b along with exemplary values for a particular type of 
vehicle. It should be understood that the parameters are generally adapted to a particular 
application, e.g. vehicle platform, and that the particular values of the parameters in Figs. 9a 
and 9b are illustrative only, and should not be considered to limit the scope of the instant 
30 invention. 

Referring to Fig. 4, the data acquisition and preprocessing algorithm 150 acquires a 
measurement of lateral acceleration component A y from the lateral accelerometer 18 in 
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step (152), and acquires a measurement of longitudinal angular velocity co x , or roll rate, from 
the angular rate sensor 20 in step (158). Data from more than 100 rollover tests has 
indicated that the angular velocity cd x associated with a rollover generally ranges between 

±300 degrees/second ( ± Q)™** ) and the lateral acceleration component A y (t) associated 

5 therewith generally ranges between ±20 g (±1^4^ |). Respective measurements of the 

lateral acceleration component A y (t) and the angular velocity co x that exceed these 
respective limits are respectively clipped thereat in steps (154) and (160) respectively. For 
example, the value of an lateral acceleration component A y (t) measurement less that -20 g 
would be set in step (154) to -20 g, for the example of an associated range of ±20 g. The 
10 polarities of the lateral accelerometer 18 and the angular rate sensor 20 are set so that the 
corresponding polarities of angular velocity <a x and the lateral acceleration component A y 

signals are the same as each other during a roll event. Generally, the level A™ M for clipping 

signals from the lateral accelerometer 18 is set to the minimum of either 20 g or the range 



of the lateral accelerometer 18. Similarly, the level fflf" for clipping signals from the 



15 angular rate sensor 20 is set to the minimum of either 300 degrees/second or the range of 
the angular rate sensor 20. 

The raw lateral acceleration component A y and angular velocity co x data from the 
lateral accelerometer 18 and the angular rate sensor 20 respectively are filtered by 
respective filters 22, 24 in steps (156) and (162) respectively, so as to respectively provide a 

20 filtered lateral acceleration component^ and a filtered angular velocity & x . The use of 

filtered measurements is beneficial in avoiding a false entrance of the roll discrimination 
algorithm, and in improving the associated discrimination process by the measures 
algorithm 300.1 and the energy algorithm 300.2. The filters 22, 24 are, for example, 
moving average filters having a moving average window of T Avg , e.g. between 10 and 15 

25 milliseconds, so as to provide a suitable compromise between fast signal response and noise 
reduction. As an example, for a processor 26 that uniformly samples the angular velocity 
co x and lateral acceleration component A y signals - as is assumed hereinbelow - with a 
sampling rate of 2500 Hz (corresponding to a sample period dt = 0.4 milliseconds) and a 
window of 12.8 milliseconds, a moving average for each signal would be calculated from the 
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last 32 samples acquired. The individual samples of the moving average are typically 
uniformly weighted, but could alternately be non-uniformly weighted. 

Generally, the lateral accelerometer 18 and the angular rate sensor 20 can exhibit 
offset and/or drift error (generally referred to herein as sensor offset error), which, unless 
5 otherwise compensated, can cause associated roll detection errors. The sensor offset errors 
are estimated by filtering the associated sensor measurements with associated filters having 
an effective cutoff frequency that is substantially lower - or, stated in another way, a 
effective filter time constant that is substantially greater - than the associated above- 
described moving-average filters that provide the filtered lateral acceleration 

10 component^ and the filtered angular velocity & x . For example, the acceleration offset 

A^ e 'and the angular velocity offset &ff set are filtered from the associated raw 

measurements of angular velocity © x and lateral acceleration component A y respectively, 
by respective moving average filters in steps (168) and (170) respectively, each moving- 
average filter having an associated filter window of width T Avg _ 0ffset , e.g. about 4 seconds. 

7 Offset 

15 From step (164), the filtered values of acceleration offset Ay and angular velocity offset 

(D° ffset are updated only if the neither the measures algorithm 300.1 nor the energy 

algorithm 300.2 have been entered, as indicated by neither associated 
ONGOING_EVENT_FLAGs - i.e. neither an ONGOING_MEASURES.EVENT.FLAG 
nor an ONGOING_ENERGY.EVENT.FLAG - being set. Accordingly, in step (166), the 

» 

20 relatively long-term filtered values of acceleration offset A y ffset and angular velocity offset 

G)°f set are not updated during periods of time when the associated lateral acceleration 
component A y and angular velocity © x could be substantially different from the associated 
sensor offset values. 

Whereas Fig. 4 illustrates the acquisition and processing of the lateral acceleration 
25 component A y before that of the angular velocity © x , it should be understood that the 
relative order could be reversed, or these operations could be performed in parallel. 

The measures algorithm 300.1, energy algorithm 300.2, and the safing algorithm 200 
each utilize values of filtered lateral acceleration component^ and filtered angular 
velocity & x that are compensated by subtracting the corresponding sensor offsets, i.e. the 
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acceleration offset Aj/^'and the angular velocity offset G)° SseX respectively, so as to 
provide a corresponding compensated lateral acceleration component 
{t) = Ay{t)-A? s * (0) and a compensated angular velocity (co x (t) = a x (ty&° ffset (t)) 
respectively. 

5 Referring to Fig. 5, the safing algorithm 200 commences with step (202), wherein 
associated SAFINGJEVENT_FLAGs ~ i.e. an 

ACCELERATION'S AFING J3 VENT JFL AG and a ROLL_SAFING_EVENT_FLAG - are 
initially reset. Then, in step (204), if either the measures algorithm 300.1 or the energy 
algorithm 300.2 have been entered, as indicated by either of the associated 

10 ONGOINGJEVENTJ^LAGs (i.e. the ONGOING_MEASURES_EVENT_FLAG or the 
ONGOING„ENERGYJEVENTJFLAG) being set, then in step (206), if the magnitude of the 

compensated lateral acceleration component is greater than a third acceleration 

threshold A? r ~ 3 , then the ACCELERATION_SAFING_EVENT_FLAG is set in step (208). 

Otherwise, from step (204), the process repeats with step (202). Following step (208), or 
15 otherwise from step (206), in step (210), if the magnitude of the compensated angular 

velocity ai x is greater than a third angular velocity threshold Q) x ir - 3 , then the 

ROLL_SAFBSfG_EVENT_FLAG is set in step (212). Then, or otherwise from step (210), the 
process repeats with step (204). Accordingly, if the conditions on lateral acceleration and 
angular velocity associated with the safing algorithm 200 have been satisfied - not 

20 necessarily simultaneously — after at least one of the measures algorithm 300.1 and the 
energy algorithm 300.2 have commenced and before both have exited, then the respective 
associated S AFINGJEVENTJFLAGs are set so as to enable a deployment of the one or more 
associated safety restraint actuators 30 responsive to the detection of a roll event by either 
the measures algorithm 300.1 or the energy algorithm 300.2. Each of the 

25 SAFING__EVENT_FLAGs are set, or latched, separately, but both are reset simultaneously, 
and both must be set in order for the one or more associated safety restraint actuators 30 to 
be actuated responsive to the measures algorithm 300.1 or the energy algorithm 300.2. 

Alternately, the safing algorithm 200 may be adapted to incorporate only one of the 
above-described SAFING J3VENT_FLAGs and associated criteria, so that the safing criteria 
30 is responsive to at least one of a magnitude of the compensated lateral acceleration 

component A' y being greater than a third acceleration threshold Aj 7 "*- 3 at a first point of 
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time following a time of inception of either the measures algorithm 300.1 or the energy 
algorithm 300.2, and a magnitude of the compensated angular velocity of x being greater 

than a third angular velocity threshold a^ irJi at a second point of time following the time 

of inception, wherein the time of inception is the time at which the associated entrance 
5 criteria are satisfied for the associated measures algorithm 300.1 or energy algorithm 
300.2, and the first and second points of time following the time of inception are arbitrary 
with respect to one another. For example, the energy algorithm 300.2 could be "safed" 
responsive solely to the compensated lateral acceleration component A' y being greater 

than a third acceleration threshold A^ r - 3 at a point of time following a time of inception of 

10 the energy algorithm 300.2. 

The rollover detection system 10 may be adapted for improved reliability by 
implementing the safing algorithm 200 on a microprocessor that is separate from that used 
to implement either the measures algorithm 300.1 or the energy algorithm 300.2, in which 
case if the safing algorithm 200 is not aware of the ONGOING JB VENT JFL AGs, then 
15 instead of being reset responsive to these flags, the SAFINGJEVENTJFLAGs may be reset 
after a delay, e.g. At^ (e.g. 12 seconds), following a point in time at which either safing 

criteria was last satisfied so that the safing condition remains active until either a deployment 
of the one or more associated safety restraint actuators 30, or until after both algorithms 
will have had to have exited. 

20 The measures algorithm 300.1 and the energy algorithm 300.2 each operate in 
accordance with the general algorithmic structure illustrated in Fig. 6, wherein each of these 
algorithms is indicated generally by reference number 300. A decimal designator to a 
particular reference number will be used herein to refer to a particular algorithm. For 
example, whereas the general overall process is referred to by reference number 300, 

25 reference number 300.1 is used to refer to the measures algorithm, and reference number 
300.2 is used to refer to the energy algorithm. As an other example, whereas the general 
algorithm calculations step is referred to by reference number 326, reference number 326.1 is 
used to refer to the algorithm calculations step of the measures algorithm 300.1 in 
particular, and reference number 326.2 is used to refer to the algorithm calculations step of 

30 the energy algorithm 300.2. The particular equations associated with particular algorithmic 
steps, for each of the algorithms, are provided in tabular form in Figs. 8a-c; and the 
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associated parameters and exemplary values thereof are provided in tabular form in Figs. Pa- 
fa. 

Referring to Fig. 6, the general roll processing algorithm commences with step (302), 
wherein a corresponding ONGOING JEVENT_FLAG is reset. The ONGOING. 
5 EVENT_FLAG, when set, indicates that the entrance criteria has been satisfied for the roll 
processing algorithm, and the corresponding exit criteria has not been satisfied, so that the 
associated algorithm is active. Then in step (150), the associated data that is used by the 
algorithm is acquired and preprocessed in accordance with the data acquisition and 
preprocessing algorithm 150 described hereinabove. Then, in step (304), if the 

10 ONGOE^G_EVENT_FLAG has not been set - indicating that data from a potential roll event 
is not being processed, and that the vehicle 12 is not then involved in a roll event — then, in 
step (306), a set of entrance criteria are evaluated and compared with associated thresholds, 
and if the entrance criteria are satisfied, then in step (308) the ONGOING_EVENT_FLAG is 
set, and in step (310), the algorithm is initialized, e.g. by initializing various dynamic 

15 variables associated with the algorithm. 

Otherwise, from step (304), if the ONGOING_EVENTJFLAG has been set - indicating 
that data from a potential roll event is being processed, — then in step (312) an associated 
measure of time, e.g. sample count, is updated, and in step (400), the newly acquired data is 
evaluated so as to determine if a sensor (i.e. the lateral accelerometer 18 or the angular rate 
20 sensor 20) needs to be recalibrated. The process associated with step (400) is illustrated in 
Fig. 7 and is described more fully hereinbelow. 

If, from step (400), one or more sensors require recalibration, then in step (314), the one 
or more sensors requiring recalibation are recalibrated. For example, both the lateral 
accelerometer 18 and the angular rate sensor 20 may be testable, wherein a known 

25 stimulus may be applied to the sensor, and the corresponding sensor output may be calibrated 
so as to represent the known stimulus. For example, the lateral accelerometer 18 may 
comprise a micro-machined mass element suspended by spring-element beams, and an 
electrostatic field may be applied between the mass element and a housing so as to deflect the 
beam by an amount that corresponds to a reference acceleration level. A calibration factor is 

30 then calculated so that the calibrated output from strain sensing elements operatively 
connected to the spring-element beams corresponds to the reference acceleration level. If, in 
step (316), the process of step (314) indicates that one or more sensors have failed - for 
example, if there is substantially no change in output responsive to whether or not the test 
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stimulus is applied to the sensor, then in step (318) a fault condition is set; a warning device, 
e.g. light, is activated so as to alert the driver of the vehicle 12; and the rollover detection 
system 10 is disabled from deploying any safety restraint actuators 30. Otherwise, from 
step (316), i.e. if neither the lateral accelerometer 18 nor the angular rate sensor 20 has 
5 failed, then, in step (320), both ONGOING_EVENT„FLAGs - i.e. the 
ONGOING_MEASURES_EVENT_FLAG and the ONGOING_ENERGY_EVENT_FLAG - 
- are reset responsive to there having been at least one sensor recalibration, and the process 
repeats anew with step (150). 

Otherwise, from step (400), if none of the sensors require recalibration, then, in step 
10 (322), an exit criteria is evaluated so as to determine whether the algorithm should be exited 
until such time that the entrance criteria of step (306) are again satisfied so as to enable the 
algorithm to be reentered. If, from step (322), the exit criteria are satisfied, then, in step 
(324), if the algorithm is the energy algorithm 300.2, and if the energy algorithm 300.2 has 
consecutively been entered in step (306), and then exited in step (322) as a result of a time- 

15 out (i.e. At > At^ m ), then reentered in step (306) shortly - e.g. during the next iteration of 

the algorithm — after exiting in step (322), then after the p th consecutive exit in step (322) — 
e.g. p=3 - the process continues with step (314) as described hereinabove, wherein the 
sensors are diagnosed, and if necessary, recalibrated. Otherwise, from step (324), the 
associated ONGOING JEVENT_FLAG - i.e. the ONGOINGJMEASURESJEVENT^FLAG 
20 or the ONGOING JENERGYJEVENTJO.AG - is reset in step (320), and the process 
repeats anew with step (150). 

Otherwise, from step (322), if the algorithm has been entered in step (306) and not exited 
in step (322), then the associated algorithm calculations are performed for the particular 
iteration of the algorithm associated with a particular value of the measure of time from either 
25 steps (310) or (312). Then, in step (330), if the associated algorithm detection criteria are 
satisfied in the particular iteration of the algorithm, and if, in step (340), the 

SAFINGJEVENTJRLAG(s) - i.e. the ACCELERATION'S APTNG_EVENT_FLAG and the 
ROLL_SAFINGJEVENTJFLAG - have been set, then in step (350) a roll event has been 
detected, and the associated safety restraint actuators 30 are actuated. Otherwise either, 
30 from step (330), if the algorithm detection criteria are not satisfied, or, from step (340), if all 
of the SAFINGJBVENTJFLAG(s) have not been set - so that the associated safing criteria 
has not been satisfied at some point in time during either the measures algorithm 300.1 or 
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the energy algorithm 300.2, then the process continues repeats beginning with step (150) for 
the next iteration. 

Although both the measures algorithm 300.1 and the energy algorithm 300.2 depend 
upon measurements of the lateral acceleration component A y and the longitudinal angular 
5 velocity © x from the data acquisition and preprocessing algorithm 150, the other variables 
and parameters associated with each algorithm are otherwise independent of one another, as 
are the associated entrance criteria in step (306), algorithm initializations in step (310), exit 
criteria in step (322), algorithm calculations in step (326), and algorithm decision criteria in 
step (330), examples of all of which are detailed in Figs. 8a, 8b, 8c, 9a and 9b. For example, 
10 whereas each algorithm determines a measure of time since inception, and calculates a 
measure of roll angle by integrating the measurement of longitudinal angular velocity co x , 

these respective measures of time are independent of one another, as are the respective 
measures of roll angle. Both the measures algorithm 300.1 and the energy algorithm 300.2 

assume that the vehicle is initially level (i.e. 0(t en trance)=O) when the processing by the 

15 respective algorithms is commenced. 

The process 400 for determining whether or not either the lateral accelerometer 18 
or the angular rate sensor 20 requires recalibration is illustrated in Fig. 7. In steps (402), 
(404), (406) and (408), if the magnitude of the filtered angular velocity & x continuously 

exceeds a fourth angular rate threshold 0^ ir " for an associated period of time At™** , 

20 then a recalibration of the angular rate sensor 20 is signaled in step (410). Otherwise, in 

steps (412), (414), (416), (418) and (420), if the either the magnitude of the roll angle 0 M 

from the measures algorithm 300.1, or roll angle 0 E from the energy algorithm 300.2, 

continuously exceeds a roll angle threshold 6 for an associated period of time At Q , 

then a recalibration of the angular rate sensor 20 is signaled in step (410). Otherwise, in 
25 step (422), a recalibration . of the angular rate sensor 20 is not signaled. In steps (424), 

(426), (428) and (430), if the magnitude of the filtered lateral acceleration component Ay 
continuously exceeds a fourth lateral acceleration threshold A ,r " for an associated 



period of time At A , then a recalibration of the lateral accelerometer 18 is signaled in step 

(432). Otherwise, in step (434), a recalibration of the lateral accelerometer 18 is not 
30 signaled. If a recalibration was signaled in either steps (410) or (432), then the process 
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continues with step (314) as described hereinabove. Otherwise, no sensor recalibration is 
signaled, and the process continues with step (322) as described hereinabove. 

Referring to Fig. 6, Figs. 8a-c, and Figs 9a-b, the measures algorithm 300.1 will now be 
discussed with greater particularity, wherein the steps of Fig. 6 are suffixed with ".1" to 

5 indicate their association therewith. The ONGOING JBVENTJ^AG for measures 
algorithm 300.1 - referred to as the ONGOING_MEASURES_EVENT_FLAG - is set in 
step (308.1) upon satisfaction of the entrance criteria in step (306.1), and is reset in step 
(320.1) upon satisfaction of the exit criteria in step (322.1). The 
ONGOING_MEASURES„EVENT - _FLAG, for example, could correspond to a particular 

10 location in the memory 28 of the associated processor 26 that implements the measures 
algorithm 300.1. After entry following step (306.1), the measures algorithm 300.1 is not 
subsequently exited until either the measures event exit criteria is satisfied in step (322.1), or 
until a roll event is detected causing a deployment of the safety restraint actuators 30. 
Moreover, after the measures event exit criteria is satisfied and the measures algorithm 

15 300.1 is exited, the measures algorithm 300.1 can be subsequently reentered if the 
associated measures event entrance criteria is subsequently satisfied. 

In step (306.1), the entrance criteria of the measures algorithm 300.1 is, for example, 
that .the magnitude of the compensated lateral acceleration component A' y be greater than a 

rrtj A 

first acceleration threshold A,, , i.e.: 



20 



K (0| > 4" r " 1 

For an example of one particular type of vehicle, based upon actual rollover data, the first 
acceleration threshold A™ r - X was set to about 1.4 g. It should be recognized that this 

threshold value, as well as the value of the other parameters of the measures algorithm 

> 

300.1, is generally dependent upon the characteristics of the particular associated vehicle 12 
25 or class of vehicles, and that the particular value used for a particular rollover detection 
system 10 can be adjusted for improved discrimination dependent upon the nature of the 
associated vehicle 12 or class of vehicles. 

In Step (310.1), upon initial entrance to the measures algorithm 300.1 following step 
(308.1), the measures algorithm 300.1 is initialized. An event sample count n M and the 
30 values of angular position 0 M (n M -1) and a measure function R(n M -1) are initialized — 

e.g. to values of zero. Also the sampled time t M (-1) just prior to the time of event entrance is 
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initialized to a value of the time of measures event entrance t™ (0), which is initialized to a 
value of the current time t; and the time period At M (0) since algorithm entrance is 

initialized to a value of zero. The superscript "M" used herein refers to variables associated 
with the measures algorithm 300.1. 

Upon subsequent iteration of the measures algorithm 300.1, if in step (304.1) the 
ONGOING_MEASURES_EVENT_FLAG is set, then, in step (312.1), the event sample 
count n M is incremented, the associated current sampled time t M ( n M ) is set equal to the 
current time t, and the measures event time At^ 1 is calculated as the period extending from 
the time of measures event entrance t 1 ^ (0), to the current time ^ (n M ) as follows: 



In step (322.1), the exit criteria of the measures algorithm 300.1 is, for example, that the 
time period since algorithm entrance At M (n M ) be greater than time period threshold 



For the example of one particular type of vehicle, based upon actual rollover data, the time 
period threshold At^ was set to about 165 milliseconds. Upon exit from the measures 

algorithm 300.1, the ONGOING^MEASURES_EVENT„FLAG is reset in step (320.1), and 
pending subsequent satisfaction of the entrance criteria in step (306.1), this causes the 
variables associated with the measures algorithm 300.1 to be initialized in step (310.1). 

If, in step (322.1), the exit criteria is not satisfied, then the algorithm calculations are 
updated in step (326.1) for the particular iteration of the measures algorithm 300.1, as 
follows. 

First, the angular position 0 M is estimated by integrating the signed value of the 
compensated angular velocity cq' x as follows: 



At M (n w )=t M (/z M ).t M (0) 





At M (n M )> At 



max 



M 
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wherein the integration time step dt is given by the difference between the time t M {n M ) at 

the current iteration, and the time at the previous iteration t M (n M -l) — which difference 
would be constant for a uniform sampling rate ~ as follows: 

dt = t M (n M yt M (n M -l) 
5 and the compensated angular velocity tf^is given by: 

A measure function R is then evaluated, which is used to calculate a figure-of-merit 
FOM. The measure function R is given by: 

At M 

R(n M ) = R(n M - 1) ■ ) + F*-KE*-PE* 

r 

10 The first term of the measure function R is a damping term comprising the product of 

At M 

the previous value, R(n M -l) multiplied by a damping factor (1 ) . The level of damping 

is determined by a constant x dependent upon the particular type of vehicle. For example, 
based upon rollover test data for a particular type of vehicle, the value of t was determined to 
be about 400 seconds. The damping term ensures that the resulting figure-of-merit FOM 
15 will decrease for events for which the values of the compensated lateral acceleration 

component or the compensated angular velocity (o' x do not continue to be significant. 

The remaining term of the measure function R, additive with the first term, is the 
product of the following three measures: a force measure F*, a rotational kinetic energy 

i 

measure KE*, and a potential energy measure PE*. 

20 The force measure F* is given as the current sample of the compensated lateral 
acceleration component , which is given by: 

4(^)^(0-^(0 

Generally, force and acceleration are related by Newton's second law (F=M*A). The force 
measure F* is not necessarily an exact measure of force - which would generally need to 
25 account for the vector nature of force and acceleration - but instead is a measure that is at 
least related to the reaction force F acting upon the vehicle 12. During a typical vehicle roll 
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event, the compensated lateral acceleration component A^ , is caused by a lateral force on 

the tires or wheel rim. This lateral force is the same force responsible for the rotational 
torque about the center of vehicle mass that leads to eventual rollover. The compensated 

lateral acceleration component A^ does not necessarily provide a complete measure of the 
5 actual reaction force F. For example, the compensated lateral acceleration component 

A' y does not necessarily account for the effects of non-rigid body dynamics, e.g. from 

damping forces in the tire(s) or other damping elements, or from the dynamics of the 
suspension system. However, the compensated lateral acceleration component A^ is 

heuristically — for small angles and excluding the effects of non-rigid body dynamics — 
10 proportional to the reaction force F that causes the vehicle 12 to roll. Data from fast or 

tripped rollover tests has shown that the compensated lateral acceleration component A^ 

becomes significant about 20 milliseconds before significant compensated angular velocity 
af x is observed from angular rate sensor 20. Whereas the force measure F* is illustrated 

herein as linear with respect to the compensated lateral acceleration component A^ , it 

15 should be understood that the force measure F* could be some other function (other than 
linear) or power (other than 1) of the compensated lateral acceleration component A^ . 

The rotational kinetic energy measure KE* is given by &f x . Generally, the rotational 

kinetic energy measure KE* is related to the rotational kinetic energy of the vehicle. For 

example, with KE* = &' x , the rotational kinetic energy measure KE* is proportional to the 

20 rotational kinetic energy of the vehicle 12 by the proportionality constant I x /2. However, 
the rotational kinetic energy measure KE* could also be represented differently. For 
example, other powers of &' x other than 2 could be used to form the rotational kinetic 

energy measure KE* from compensated angular velocity 6)' x , or the rotational kinetic 

energy measure KE* could be some other function of compensated angular velocity af x . 

25 The product of the force measure F* and the rotational kinetic energy measure KE* 
provides for a measure that predicts rollover more quickly than compensated angular 
velocity a/ x alone. This also provides a predictive measure of eventual compensated 

angular velocity aS x , because it has been observed that significant lateral force inferred from 
the compensated lateral acceleration component A^ usually manifests as increased 
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compensated angular velocity af x about 20 milliseconds thereafter. Moreover, weighting 
the compensated angular velocity a/ x more heavily than the compensated lateral 
acceleration component , e.g. by using the square of the compensated angular velocity 
€D X , increases the influence of actual compensated angular velocity Q)' x upon the resulting 
5 figure-of-merit FOM. 

The potential energy measure PE* is given as PE^^sign(A y (n M ))^0 o + Q M (n M ) as a 

constant plus the current sample of the angular position 9 M (n M ) . The constant 9 0 is 

dependent upon the particular vehicle. For example, based upon rollover test data for a 
particular type of vehicle, the value of 6o is about 0,1 degrees. The constant term has the 
10 same sign as either the compensated angular velocity af x or the compensated lateral 

acceleration component , assuming both signals are polarized so as to have the same 

polarity for a given roll event. Including the potential energy measure PE* in the product 
term of the measure function R increases the influence of roll dynamics upon the resulting 
figure-of-merit FOM and increases the magnitude thereof for medium-speed roll events, for 

15 example, events having associated actuator firing times (time-to-fire TTF) of typically 
between 140 and 230 milliseconds. (The bounds of this range could be extended by 20% or 
more depending upon the vehicle characteristics, and could be further different for different 
types of vehicles). Compared with the force measure F* and with the rotational kinetic 
energy measure KE*, the potential energy measure PE* is relatively less significant, and 

20 could be ignored (e.g., by setting PE*=1) in a reduced rollover detection system 10. 
However, the potential energy measure PE* appears to be beneficial for the subset of roll 
event cases exhibiting intermediate actuator filing times. 

The figure-of-merit FOM is then given by: 

TOM(n M ) = |jR(^z^ )| - ^(/t^ )| -1)|) 

25 The figure-of-merit FOM is calculated from the absolute values of the associated R(n M ) 
and R(n M -l) terms so that the figure-of-merit FOM is independent of the direction of roll. 

The term §R(n M ) - RQi M -1)|) provides a measure of the derivative or slope of the measure 

function R with respect to time, wherein the actual slope would be given by dividing this 
term by the sampling period dt (a constant in uniformly sampled data systems). This slope 
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factor, in combination with a threshold function described below, has the effect of requiring 
the figure-of-merit FOM to increase with time in order for a rollover event to be detected 
and for a resulting associated deployment of one or more safety restraint actuators 30. 

Alternately, and particularly for relatively small values of (#(n Af )|~|/?(n Af the 
figure-of-merit FOM may be given by: 



FOM(n M )= R(n M ) 

Following the algorithm calculations of step (322.1), the algorithm detection criteria 
evaluated in step (330.1) comprise a plurality of detection conditions, for example, as 
illustrated in Fig. 8c. If all of the detection conditions are satisfied - so that generally a 

10 measures event threshold is exceeded — then a rollover is considered likely to occur, and if in 
step (340), an associated safing criteria is satisfied from the safing algorithm 200, then in 
step (350), the associated one or more safety restraint actuators 30 are deployed so as to 
mitigate injury to the associated occupant or occupants. The detection criteria are established 
in accordance with a particular detection philosophy. Ideally, the detection criteria would 

15 provide for detection of any roll event for which there would be a head contact with the 
interior of the vehicle (i.e. a "head closure") of sufficient severity that injury to the occupant 
therefrom would be mitigated by a timely deployment of the associated one or more safety 
restraint actuators 30; and would provide for ignoring other events. However, if such ideal 
performance is not feasible, then the detection criteria can be adapted to provide a suitable 

20 compromise. For example, in order to detect severe roll events sufficiently fast — i.e. 
sufficiently sooner than the associated head closure time so that the associated one or more 
safety restraint actuators 30 can be actuated in time, and at a rate, so as to mitigate risk of 
injury to the occupant — it may be necessary to accept deployment of the associated one or 
more safety restraint actuators 30 responsive to severe rollover events that do not 

25 completely roll the vehicle (e.g. curb trip or mid-to-high-g deceleration type roll events). 

As a first detection condition of step (330.1), the measures event time At 1 * 1 is tested to be 
within a range of measures event times (At^n, At M max ), as follows: 

At". < At M < At M 

mm max 

For example, the associated minimum and maximum event times for one particular class of 
30 vehicles are At**. = 40 milliseconds and Atj£ = 165 milliseconds, so that the period of time 



M 
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elapsed since the event trigger falls within a particular time window. The minimum 
measures event time At^ n constraint prevents hard lateral input force events of very short 

duration from causing an inadvertent detection, while allowing for a sufficiently early safety 
restraint deployment to satisfy the earliest observed head closure times. (The head closure 
5 time is the time at which the head of an occupant contacts the interior of the vehicle). 
Typically, for severe curb trip or deceleration sled events, the roll discrimination algorithm 
entrance time would occur about 20 milliseconds after the start of the roll event (i.e. the 
beginning of the physical event). The earliest that the roll discrimination algorithm could 
begin to deploy the airbags would then be about 60 milliseconds after the start of the roll 

10 event (entrance time plus 40 milliseconds). The fastest observed head closure times are on 
the order of 115 milliseconds after the start of the roll event. Given that the associated data 
processing and safety restraint deployment (e.g. airbag inflation) takes about 30 milliseconds, 
the safety restraint actuator 30 would be fully deployed for these cases at about 90 
milliseconds after the start of the roll event. The minimum fire time At"™ ensures that the 

15 information provided in the signals from lateral accelerometer 18 and angular rate sensor 
20 has been utilized as much as possible while still enabling a deployment decision to be 
made in time to avoid head closure for severe events. The maximum firing time At raax 
reduces the vulnerability of the roll discrimination algorithm to concatenated events, and may 
also enable the roll discrimination algorithm to reset and catch a second "real" initiator of a 

20 rollover in an accident where the second of two time-separated lateral events leads to 
rollover. If, in step (330.1), the measures event time At M is within the specified range, then 
the first detection condition is met, and additional detection criteria are evaluated in step 
(330.1). Otherwise, the process continues with step (150) for the next iteration. 

As a second detection condition of step (330.1), the figure-of-merit FOM is compared 
25 with a threshold function FOM Thr (At M ) that, for the exemplary vehicle platform, provides 

for sufficiently fast discrimination times for substantially all events as necessary in 
accordance with the above-described detection philosophy. The threshold function 

FOM Thr (At M ) , for example, has the following form: 
FOM 77ir (At M ) = A-At M +5 



30 The associated second detection condition is given by: 
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FOM (n M ) > FOM nr (At M ) 

For example, based upon data from a set of rollover tests of a particular type of vehicle, A 
and B were given as A = 6.46*10 u (g 2 deg 6 /ms*s 4 ) and B = -2.34*10 13 (g 2 deg 6 /s 4 ) for (40 
milliseconds < At M < 96 milliseconds), and as A = 2.59*10 u (g 2 deg 6 /ms*s 4 ) and B - 
5 1.36*10 13 (g 2 deg 6 /s 4 ) for (96 milliseconds < At M < 165 milliseconds). The figure-of-merit 

FOM and the threshold function FOM 711 " (At M ), for example, both have engineering units 
of [g deg /s ]. Generally, different types of vehicles would have either different parameter 
values or different functional forms for the threshold function FOM 71 ^ (At M ) . A multi- 
segmented threshold function FOM Thr (At M ) , e.g. comprising a plurality of linear 

■ 

10 segments, has been found to be beneficial to the performance of the roll discrimination 
algorithm. The above exemplary threshold line was developed from data that was sampled at 

a rate of 1250 Hz for a time step of 0.8 milliseconds. The threshold function FOM Thr (At 1 ! 4 ) 

would be different for different data sampling rates because of differences in the resultants of 
integrations involved in calculating the figure-of-merit FOM. Generally, the threshold 

15 function FOM Thr (At M ) could be represented by either a function of time, a piece wise 

function of time, or a table lookup with respect to time. Furthermore, whereas the threshold 
function FOM Thr (At M ) is generally a function of time - e.g. time period since inception --, 

it should be understood that this threshold function FOM Thr (At M ) could in some cases be 
constant, i.e. constant with respect to time. If, in step (330.1), the figure-of-merit FOM 
20 exceeds the threshold function FOM Thr (At M ) , then the second detection condition is met, 

and additional detection criteria are evaluated in step (330.1). Otherwise, the process 
continues with step (150) for the next iteration. 

As a third detection condition of step (330.1), the figure-of-merit FOM is tested to see if 
it is increasing in magnitude with respect to time at the time of prospective deployment of the 
25 safety restraint actuator(s) 30, as follows: 



FOM(n M )| > FOM (n M -l)| AND 

FOM(n M )\ > FOM [n M -m)| , where m > 1, e.g. m=6 
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The third detection condition is intended to prevent deployment in cases, for example, for 
which the threshold function FOM (At) is exceeded, e.g. at At = 40 milliseconds, but for 
which the event was decaying away (e.g. for which the magnitude of either A y or co x or both 
was decreasing). If, in step (330.1), the figure-of-merit FOM is increasing with respect to 
5 time, then the third detection condition is met and additional detection criteria are evaluated 
in step (330.1). Otherwise, the process continues with step (150) for the next iteration. 

As a fourth detection condition of step (330.1), the magnitude of the compensated 
lateral acceleration component A^ at the time of prospective deployment of the safety 

restraint actuator(s) 30) is compared with a second acceleration threshold A^ xr ~ 2 , as 
10 follows: 

| ^ (n M )| > Aj 7 "- 2 

The fourth detection condition prevents a failure of the angular rate sensor 20 in a mode 
that causes a large, false compensated angular velocity af x signal from causing an 

inadvertent deployment of the safety restraint actuator(s) 30. For example, a second 
15 acceleration threshold A^ /,r - 2 value of 0.7 g would likely not be exceeded during normal 
driving conditions for which there is no lateral tire slip on the driving surface. If, in step 
(330.1), the magnitude compensated lateral acceleration component A^ greater than the 

second acceleration threshold A^ hr - 2 , then the fourth detection condition is met and 

additional detection criteria are evaluated in step (330.1). Otherwise, the process continues 
20 with step (150) for the next iteration. 

As a fifth detection condition of step (330.1), the magnitude of the compensated angular 
velocity G)' x is compared with an associated second roll rate threshold co Tltr - 2 at the time of 
prospective deployment of the safety restraint actuator (s) 30, as follows: 

w' x (n M )| > co ThrJl 

25 For example, the second roll rate threshold (0 ThrJl is about 50 degrees/second. The fifth 
detection condition ensures that the vehicle 12 is experiencing significant angular velocity at 
the time of deployment of the safety restraint actuator(s) 30. The second and fifth 
detection conditions in combination prevent severe side impact events from deploying the 
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safety restraint actuator(s) 30. The fifth detection condition also prevents a failed lateral 
accelerometer 18 — indicating a large, false lateral acceleration signal — from causing an 
inadvertent deployment of the safety restraint actuator(s) 30. If, in step (330.1), the 
magnitude of the compensated angular velocity co' x is greater than the second roll rate 

5 threshold aP xrJl , then the fifth detection condition is met, and the process continues with 
step (340). Otherwise, the process continues with step (150) for the next iteration. 

The herein-described measures algorithm 300.1 has been successfully tested with data 
from a series of vehicle rollover tests, and has been demonstrated to provide a reliable 
prediction of eventual vehicle rollover. For roll events caused by high lateral acceleration, 

10 predictions can be made relatively quickly, which enables the measures algorithm 300.1 to 
deploy the airbags before head closure for the type of roll events where head closure typically 
occurs most rapidly. Generally, the measures algorithm 300.1 is beneficial in providing 
relatively early rollover detection and relatively early time-to-fire (TTF's) of the associated 
safety restraint actuator (s) 30, for short and medium time roll events, similar to curb trip 

15 and high-g lateral deceleration type events. 

Accordingly, the rollover detection system 10 incorporating the measures algorithm 

300.1 provides for improved discrimination of vehicle rollover that allows for rollover airbag 
deployment times that meet occupant head closure times while minimizing inadvertent 
deployments, by: 

20 utilizing the measured lateral acceleration to aid in predicting future (20-30 ms later) 

roll motion; 

combining lateral acceleration with angular speed and total rotation angle to produce a 
measure of the current rotation state and dynamics, and the forcing function that is 
producing the rotation, without requiring the use of initial vehicle angle information 
25 for roll events where the starting angle is less than about 20 degrees from horizontal; 

and 

utilizing vehicle-specific dynamics properties (as derived from rollover test data) 
combined with early measured vehicle responses to allow for a prediction of eventual 
vehicle rollover before such outcome is definitive. 

30 Referring to Figs. 10 four different vehicle test conditions - designated as Test A, Test B, 
Test C and Test D, are tabulated for purposes of illustrating and comparing the measures 
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algorithm 300.1 and the energy algorithm 300.2 (the energy algorithm 300.2 is described 
more fully hereinbelow). Tests A and B are corkscrew type tests, which illustrate conditions 
for which the energy algorithm 300.2 exhibits faster rollover detection than the measures 
algorithm 300.1, and Tests C and D are deceleration sled tests for which the measures 

5 algorithm 300.1 exhibits faster rollover detection than the energy algorithm 300.2. The 
vehicle rolled over in Tests A and D, but did not roll over in Tests B and C, but rather 
achieved a maximum roll angle of 37 and 34 degrees respectively. The initial vehicle speed, 
average vehicle deceleration, and associated detection and event times are also tabulated in 
Fig. 10, wherein the head closure time is the time at which the head of the occupant (dummy) 

10 actual struck the interior of the vehicle. 

Referring to Figs, lla-d, the filtered roll rate (angular rate) from an angular rate sensor 
20, roll angle, and filtered lateral acceleration from a lateral accelerometer 18 are illustrated 
as a function of time for each of Tests A-D respectively in accordance with the conditions 
that are tabulated in Fig. 10. 

15 Referring to Fig. 12, the calculated figure-of-merit FOM is plotted for Tests C and D as 
a function of measures event time At M , i.e. the time since inception of the measures 
algorithm 300.1 for actual sled deceleration tests of a particular type of vehicle in 
accordance with the table of Fig. 10. Fig. 12 also illustrates an associated threshold 

function FOM 77ir (At M J for the particular type of vehicle. Test D caused the vehicle to 

20 rollover and Test C reached a maximum rotation angle of about 34 degrees. The figure-of- 
merit FOM(n M ) calculated by the herein-described measures algorithm 300.1 in 

conjunction with the associated threshold function FOM Thr (At M ), enabled a firing time 

(TTF) of 98 milliseconds after inception of the roll event for test D, for which the vehicle 
rolled over, which was substantially before the associated head closure time of 196 

25 milliseconds, thereby providing 98 milliseconds within which to deploy the associated one or 
more safety restraint actuators 30. The safing criteria of associated safing algorithm 200 
were satisfied 26 milliseconds after inception of the roll event, which was substantially 
before the detection criteria was satisfied by the measures algorithm 300.1. By comparison, 
the detection criteria of the hereinbelow described energy algorithm 300.2 were not satisfied 

30 for the event of Test D until 594 milliseconds after inception of the roll event, which was 
substantially after the associated head closure time, thereby illustrating the benefit of the 
measures algorithm 300.1 for the roll event of Test D. 
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Referring to Fig. 6, Figs. 8a-c, and Figs 9a-b, the energy algorithm 300.2 will now be 
discussed with greater particularity, wherein the steps of Fig. 6 are suffixed with ".2" to 
indicate their association therewith. The ONGOINGJBVENT_ELAG for energy algorithm 
300.2 -referred to as the ONGOING_ENERGY_EVENT_FLAG - is set in step (308.2) 

5 upon satisfaction of the entrance criteria in step (306.2), and is reset in step (320.2) upon 
satisfaction of the exit criteria in step (322.2). The ONGOING_ENERGY_EVENT_FLAG, 
for example, could correspond to a particular location in the memory 28 of the associated 
processor 26 that implements the energy algorithm 300.2. After entry following step 
(306.2), the energy algorithm 300.2 is not subsequently exited until either the energy event 

10 exit criteria is satisfied in step (322.2), or until a roll event is detected causing a deployment 
of the safety restraint actuators 30. Moreover, after the energy event exit criteria is 
satisfied and the energy algorithm 300.2 is exited, the energy algorithm 300.2 can be 
subsequently reentered if the associated energy event entrance criteria is subsequently 
satisfied. 

15 The energy algorithm 300.2 utilizes the angular velocity co x signal from angular rate 
sensor 20 to determine the roll state of the vehicle and compare the total energy (rotational 
kinetic and potential) of the vehicle 12 with that needed to completely roll. 

In step (306.2), the entrance criteria of the energy algorithm 300.2 is, for example, that 
the magnitude of the compensated lateral acceleration component^ be greater than a 

20 first acceleration threshold Af'- 1 , OR that the magnitude of the compensated angular 

velocity co f be greater than a first roll rate threshold Gp XT - x i.e.: 



A' y (n E )>A$ hr - 1 OR a/ x (n B ) 



For an example of a particular type of vehicle, based upon actual rollover data, the first 
acceleration threshold A™ 0 was set to about 1.4 g (as for the measures algorithm 300.1) 

25 and the first roll rate threshold 6) Vir - 1 was set to about 19 degrees/second. It should be 

recognized that this threshold value, as well as the value of the other parameters of the 
energy algorithm 300.2, is generally dependent upon the characteristics of the particular 
associated vehicle 12 or class of vehicles, and that the particular value used for a particular 
rollover detection system 10 can be adjusted for improved discrimination dependent upon 
30 the nature of the associated vehicle 12 or class of vehicles. 
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In step (310.2), upon initial entrance to the energy algorithm 300.2 following step 
(306.1), the energy algorithm 300.2 is initialized. An event sample count n and the value 
of angular position 9 E (-1) are initialized - e.g. to values of zero. Also the sampled time 

t E (-1) just prior to the time of event entrance is initialized to a value of the time of energy 

5 event entrance f*(0), which is initialized to a value of the current time t; and the time 

period At E (0) since algorithm entrance is initialized to a value of zero. Furthermore, a 

0 

second event sample count rcf is initialized to zero, as is a time period At E * since roll 

direction change. The superscript "E" used herein refers to variables associated with the 
energy algorithm 300.2. 

10 Upon subsequent iteration of the energy algorithm 300.2, if, in step (304.2), the 
ONGOING_ENERGY_EVENT_FLAG is set, then, in step (312.2), the event sample count 

n E is incremented, the associated current sampled time t E (rc £ ) is set equal to the current 

time t, and the energy event time At E is calculated as the period extending from the time of 
energy event entrance t E (0) to the current time t E (/z E ) as follows: 

15 At E (;/) = t E (n £ )-t E (0) 

In step (322.2), one exit criteria of the energy algorithm 300.2 is, for example, that the 
energy event time At E be greater than a maximum time period threshold At^ , i.e.: 

At E (n*)>AtL 

Another exit criteria of the energy algorithm 300.2 is, for example, that the energy 
20 event time At E be greater than a minimum time period threshold At*,, , and that the time 
period since the entrance criteria of step (306.2) was most recently satisfied is greater than a 
second time period threshold Atf vc/I/ , i.e., as follows: 

At E (»* ) > At! AND At E (»* )- At E * > AtL, 

The energy algorithm 300.2 requires a substantially longer period of time than the 
25 measures algorithm 300.1 before being restarted (i.e. exited and reset) because of possibility 
of relatively slow rollover events. For the example of a particular type of vehicle, based upon 
actual rollover data, the time period threshold At^ was set to about 12 seconds, the 
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minimum time period threshold At* was set to about 4 seconds, and the second time 

x mm 

period threshold Atf V4=n/ was set to about 2 seconds. Accordingly, for this example, the 

energy algorithm 300.2 is executed for at least 4 seconds but not more than 12 seconds, and 
subject to these limitations, is exited if the time period since the entrance criteria was most 
5 recently satisfied exceeds 2 seconds. Upon exit from the energy algorithm 300.2, the 
ONGOING_ENERGY_EVENT_FLAG is reset in step (320.2), after which a subsequent 
satisfaction of the entrance criteria in step (306.2) causes the variables associated with the 
energy algorithm 300.2 to be initialized in step (310.2). 

If, in step (322.2), the exit criteria is not satisfied, then the algorithm calculations are 
10 updated in step (326.2) for the particular iteration of the energy algorithm 300.2, as follows. 

First the angular position 9 E is estimated by integrating the signed value of the 
compensated angular velocity cd x as follows: 

0 E (n E ) = e B {n E A)+a x (n E }& 

wherein the integration time step dt is given by the difference between the time t E (n E ) at 

15 the current iteration, and the time at the previous iteration t E (n £ -l) - which difference 
would be constant for a uniform sampling rate - as follows: 

dt = t B (n E )-t E (n E -i) 
and the compensated angular velocity eo' x is given by: 

20 In step (326.2), the algorithm calculations are further adapted to compensate for offsets in 
the angular velocity oo x signal due either to gyroscope error, or to an offset as a result of 
significant vehicle motion, that may not otherwise be adequately compensated in the 
compensated angular velocity co x , particularly for rough road conditions for which the 
angular velocity co x signal may exhibit substantial oscillatory behavior. The energy 

25 algorithm 300.2 does not exit for at least At c Event seconds, e.g. 2 seconds, following the most 

recent time at which the algorithm entrance criteria were satisfied, which thereby provides for 

extending the duration of the energy algorithm 300.2 for up to At^ seconds, e.g. 12 

seconds, which can lead to a substantial roll angle integration errors (e.g. 24 to 36 degrees) 
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for a relatively small offset - e.g. 2-3 degrees/second — in the signal from the angular rate 
sensor 20. On a rough road, the vehicle 12 can exhibit substantial oscillatory roll motion, 
and a "rough road event" would be characterized by an angular velocity co x that oscillates 

about the true angular velocity offset (t) . For example, referring to Fig. 13, an 
5 angular velocity a> x signal having a true angular velocity offset &° ffset {t)of -6.5 

degrees/second is plotted as a function of time. Because typical roll events do not exhibit a 
change in sign of compensated angular velocity af x during the roll event, it is possible to 

recognize a rough road condition from oscillation in the compensated angular velocity af x 

signal. Under these conditions, the integrated roll angle 6 E is damped toward zero degrees 
10 every time the compensated angular velocity af x changes sign, according to the following 



equation: 



e E (n E )^e E {n E -iyMAX 



1024 

v J 



and 



E E 



wherein the counter n E is set equal to the event sample count n at the time of reversal, 

15 which provides for damping the roll angle 0 E by an amount between 0.1% and 50% each 
time the compensated angular velocity af x changes direction, depending upon the period of 

time since the most recent change of direction. 

Referring to Fig. 14, the affect of the above-described compensation for the roll 
oscillation effect is illustrated, wherein the roll angle 9 E , integrated from the angular 
20 velocity © x (roll rate) data plotted in Fig. 13, is plotted as a function of time for various 
conditions. As the first condition, the true angular velocity offset &>° ffset of -6.5 

degrees/second is removed prior to integration. As the second condition, the roll angle 9 4 is 
integrated from the biased angular velocity co x data, and then compensated for roll oscillation 
as described hereinabove. As the third condition, the roll angle 0 ' is integrated from the 
25 biased angular velocity co x data without the above-described compensation for roll 
oscillation, which illustrates the potential for false detection of a roll event as a result of an 
uncompensated angular velocity co x bias for relatively long integration intervals. The above- 
described compensation for roll oscillation substantially corrects for roll-oscillation induced 
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integration errors, without adversely affecting the detection of an actual roll event for which 
the angular velocity cd x is substantially unidirectional. 

In step (326.2), the algorithm calculations further provide for recording the latest time at 
which the entrance criteria of step (306.2) are satisfied, so as to provide a supplemental basis 
5 for the exit criteria of step (322.2), as follows: 



Following the algorithm calculations of step (322.2), the algorithm detection criteria 
evaluated in step (330.2) comprise a plurality of detection conditions, for example, as 
illustrated in Fig. 8c. If all of the detection conditions are satisfied - so that generally an 

10 energy event threshold is exceeded — then a rollover is considered likely to occur, and if in 
step (340), an associated safing criteria is satisfied from the safing algorithm 200, then in 
step (350), the associated one or more safety restraint actuators 30 are deployed so as to 
mitigate injury to the associated occupant or occupants. The detection criteria of the energy 
algorithm 300.2 are established in accordance with a detection philosophy similar to that 

15 described hereinabove for the measures algorithm 300.1. 

The principal detection criteria of the energy algorithm 300.2 are based upon the 
behavior of the compensated angular velocity co> x and roll angle 0 E , and the associated 

trajectory thereof, in the associated phase-space of angular velocity and roll angle (i.e. the <r>- 
9 phase-space). An example of the o>-0 phase-space is illustrated in Fig. 15. 

20 In accordance with rigid body dynamics, there exists a theoretical threshold boundary in 
phase-space that distinguishes between roll and non-roll events of an associated rigid body. 
For example, this theoretical threshold boundary is given by: 



where mg is the weight of the vehicle, T is the vehicle track width, J is the vehicle moment of 
25 inertia in roll, and 1i C g is the height of the vehicle center of gravity. This equation is nearly 
linear in the co-0 plane over the region of interest. However, because of non-rigid body 
effects, the practical threshold boundary is beneficially modeled as a piecewise-linear 
boundary comprising, for example, a series of about 5 or 6 connected line segments that 
generally follow the above theoretical threshold boundary, but which can be tailored for a 
30 particular vehicle 12 or vehicle platform to improve discrimination between roll and non-roll 
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events. Generally, this boundary could be represented by either a function in phase-space 
(e.g. a function of roll angle 9), a piecewise function in phase-space (e.g. a piecewise function 
of roll angle 0), or a table lookup in phase-space. Referring to Fig. 15, actual rollover test 
data -- filtered using the hereinabove-described running average filter - for Tests A and B of 
Figs. 11a and lib respectively, in accordance with the conditions of Fig. 10, is plotted in the 
03-0 phase-space, together with an example of the associated theoretical threshold boundary 
and an example of a practical, piecewise-linear threshold boundary. 

The distance between the current ordered pair (a)' x (n E ),0 E (n E fj and the linear segment 

of the practical threshold boundary is calculated for each iteration for the linear segment 
whose associated endpoint angle values 0 k , 0 M bound the current roll angle0 £ (n £ ). Each 
linear segment of the practical threshold boundary is defined by its endpoints (a> k ,0 k ) and 
fakfi^t+i) • The distance D between the current ordered pair and the appropriate linear 
segment of the practical threshold boundary is given by: 

whereby, if this distance is less than zero, then the practical threshold boundary has been 
crossed. 

The slope of the trajectory of (a)' x (n B ),6 E (n B )) in the co-0 phase-space is given by: 



y v ; e E n E ) - e E (n E -\ 



(n E ) - 0 E (n E -l) 
and the associated angle of this slope in the co-0 phase-space is given by: 

a 1 f\ 180^ 

/? = tan 1 



Slope (n E j 



If, in step (330.2), the angle p is within limits (i.e. /? rain < J3 < / 5 nmx , where e.g. yff™" = 75 
degrees and f} m = 90 degrees), the magnitude of the roll rate is increasing with time (i.e. 
tf^(rc £ )| - |fi£(n £ -l) >0), the distance to the practical threshold boundary is less than 



zero (i.e. D(a>' x ,6 E ,n E ,k) < 0 ) and the roll angle 0 £ is greater than a roll angle threshold 9 



Thr 
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(i.e. 6 E >0 nr , where e.g. 0 Thr = 10 degrees), then the energy detection criteria are satisfied. 

Alternately, the energy detection criteria are satisfied if the distance in ©-G phase-space is 
less than a threshold D nr (i.e. D{&' 6 E ,n E ,k) <D Thr , where e.g. D n,r = -2.5 



^deg 2 +(deg/sec) 2 ) and the roll angle 6 E is greater than the roll angle threshold 0 Thr (i.e. 



6' 



> 8 Tlir ). If the energy detection criteria are satisfied in step (330.2), and if, in step (340), 



the safing criteria are satisfied, then, in step (350), the associated one or more safety 
restraint actuators 30 are deployed so as to mitigate injury to the associated occupant or 
occupants. 

The energy algorithm 300.2 deployment decision is not latched, so that, if the safing 
10 criteria has not been satisfied by the time the detection criteria of the energy algorithm 300.2 
is satisfied, then the energy algorithm 300.2 continues to be iterated until either the safing 
criteria is satisfied, or the energy algorithm 300.2 is otherwise exited in step (322.2) 

It should be understood that the measures algorithm 300.1 and the energy algorithm 
300.2 can be executed in series or in parallel, on a common processor 26 or on separate 
15 processors 26. If executed in series, then the steps illustrated in Fig. 6 for one iteration are 
completed for one of the algorithms, then the other algorithm would commence with either 
step (302) for the first pass, or step (150) for subsequent passes. 

Whereas the rollover detection algorithm has been illustrated with equations in a 
particular form, it should be understood that these calculations may be implemented on a 

20 particular processor 26 in a variety of ways without departing from the scope of the 
teachings herein. For example, the particular calculations described herein may require 
modification in order to be practically implemented on a particular processor, for example, 
depending upon the resolution of associated analog-to-digital converters, and the type and 
precision of mathematical operations that can be performed by the particular processor 26, 

25 and the preferred word size of the particular processor 26. 

Whereas the roll discrimination algorithm is illustrated herein as applied to sampled data, 
it should be understood that the algorithm could also be implemented continuously, for 
example, using an analog processor. Moreover, it should be understood that the event 
* sample count n M may be either explicit or implicit in the actual implementation of the roll 
30 discrimination algorithm, and that the associated time-dependent variables can be expressed 
as functions of either time t or event sample count n , n . 
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Whereas the measures algorithm 300.1 and the energy algorithm 300.2 have been 
illustrated as utilizing a measure of roll angle that is found by integrating the associated 
compensated angular velocity a/ x , it should be understood that a measured roll angle, e.g. 

from an incline sensor, could be used instead of a calculated roll angle. 

5 Referring to Fig. 16, in accordance with another embodiment, a rollover detection 
system 10.1 comprises the rollover detection system 10 as illustrated in Fig. 2 and described 
hereinabove, and further comprises a lateral velocity sensor 42 that is operatively connected 
to the processor 26, and which is adapted to provide a measure of the lateral velocity of the 
vehicle 12 with respect to the ground surface, e.g. a road surface. The lateral velocity 

10 sensor 42 could be based upon any of various sensing technologies, including but not limited 
to wave or pulse based transmit and receive system based upon sound (or ultrasound), 
microwave, laser, radar, or other electromagnetic technology, e.g. by measuring speed 
responsive to a Doppler shift of an associated carrier wave; or an optical velocity sensor that 
relies upon the underlying spatial frequencies in an image of the ground surface. The lateral 

15 velocity sensor 42, for example, would be mounted on a downward or sideways facing 
surface of the vehicle, such as the undercarriage, under side of a side mirror, or lower vehicle 
body panel, for example, with the transmitter directed downward at the road surface such that 
the primary axis of the transmitted signal would be at some angle other than 0 degrees with 
respect to the vertical as viewed from the rear or the vehicle, for example, with the transmitter 

20 laterally tilted at about 45 degrees for a useful compromise between signal strength and 
sensor sensitivity. The receiver, for example, would be located some lateral distance away 
from the transmitter so as to receive a wave emitted from the transmitter and reflected from 
the road surface, for a normal vehicle driving height. Alternately, the transmitter could be 
oriented substantially parallel to the ground so as to measure the velocity relative to reflective 

25 surfaces proximate to and elevated from the road surface. The receiver could be located near 
the transmitter for ease in mounting, but possibly at the expense of a reduction in signal 

> 

strength. 

The measure of lateral velocity from the lateral velocity sensor 42 can be used to 
improve the discrimination of roll events by the rollover detection system 10.1. Many roll 
30 events - particularly tripped roll events - exhibit pre-roll motion that includes significant 
lateral vehicle velocity. As the vehicle 12 experiences lateral deceleration forces from the 
tires sliding laterally and possibly engaging some obstacle or ground feature, the lateral 
deceleration forces create the torque on the vehicle 12 about the longitudinal axis causing the 
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vehicle 12 to roll, whereby the initial lateral translational kinetic energy associated with the 
initial lateral velocity is converted to rotational kinetic energy and potential energy. In 
accordance with the conservation of energy, absent other roll inducing forces — e.g. vertical 
forces that might convert the longitudinal translational kinetic energy associated with the 
5 vehicle's forward velocity to rotational kinetic energy — the vehicle would not likely roll over 
responsive to a conversion of the lateral kinetic energy unless the lateral kinetic energy 

(—mciss veh * v 2 ) is greater than the potential energy {moss veh * g * Alt) associated with raising 
2 

the vehicle center of gravity to the equilibrium height Ah associated with the vehicle on two 
same-side wheels. Accordingly, a measure of vehicle lateral velocity or speed can provide an 
10 early indication of whether or not the vehicle has sufficient energy to roll over. If the vehicle 

lateral velocity is insufficient to cause a complete rollover (i.e. if V < <j2gAh ), then the 

deployment of associated safety restraint actuators 30 can be delayed or inhibited, even for 
the most initially severe partial roll events. 

For example, a vehicle 12 sliding laterally into a fixed curb with lateral impact velocity of 
15 10 mph may likely not roll over, but instead, would be subject to a relatively large, but short- 
lived, lateral acceleration and roll rate lasting on the order of Vz second. However, a similar 
curb impact event with an initial lateral speed of at least 15 mph would likely result in a 
vehicle rollover with an associated occupant head closure time of about 100 to 150 ms after 
initial impact. A rollover decision criteria adapted to deploy the safety restraint actuators 
20 30 prior to occupant head closure for the latter rollover event, would likely result in 
deployment of the safety restraint actuators 30 responsive to the former non-roll event if 
the rollover decision criteria were not otherwise responsive to vehicle lateral speed. If the 
vehicle lateral speed is known, then the deployment of all or some rollover restraints can be 
inhibited at an otherwise relatively early decision time that would be necessary to otherwise 
25 deploy the safety restraint actuators 30 prior to occupant head closure. The roll motion 
could continue to be monitored by the rollover detection system 10.1, and safety restraint 
actuators 30 could be deployed at later times if the conditions changed to those that would 
lead to a complete rollover. 

In accordance with another embodiment of the rollover detection system 10.1, the 
30 associated measures algorithm 300.1 or the energy algorithm 300.2 could incorporate two 
or more different deployment thresholds, the selection of which would be dependent upon the 
lateral speed of the vehicle at or near the rollover algorithm entrance. The threshold could be 
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a function of initial lateral velocity such that for lower initial lateral velocities, 
correspondingly larger thresholds for one or more rollover measures would be required to be 
exceeded in order for the associated safety restraint actuators 30 to be deployed. 

The initial lateral velocity of the vehicle 12 does not necessarily account for all of the 
5 translational kinetic energy available to be transformed into rotational kinetic energy that 
would possibly lead to rollover. For example, a vehicle that is traveling forward has a 
longitudinal translational energy that can be converted into lateral kinetic energy, for 
example, if the vehicle 12 undergoes a spin on a slippery surface. If this vehicle 
simultaneously undergoes roll motion, then as the roll proceeds, the rotational kinetic energy 
10 and the rotation induced potential energy may increase without significantly depleting the 
kinetic energy associated with the initial lateral velocity of the vehicle 12. 

In accordance with another embodiment, if the total translational kinetic energy - i.e. 
lateral plus longitudinal - is less than a threshold corresponding to the rotational potential 
energy at the roll equilibrium position of the vehicle 12, then the deployment of the 
15 associated safety restraint actuators 30 could be inhibited because there would be 
insufficient energy to cause the vehicle to completely roll over. 

In accordance with another embodiment of the rollover detection system 10.1, the lateral 
velocity of the vehicle 12 is monitored during the initial stages of the event to determine if 
the current lateral kinetic energy plus rotational kinetic energy plus potential energy exceeds 

20 the energy required for vehicle rollover. Generally, the lateral velocity of the vehicle can be 
blended into the rollover algorithm to develop a new measure — or to enhance an existing 
measure — of roll likelihood, for example, that is a function of the sensed lateral speed in 
combination with one or more of the following vehicle dynamic signals: longitudinal roll 
rate, roll tilt angle, height above the road surface, lateral acceleration, vertical acceleration, 

25 steering wheel angle, vehicle forward speed, or yaw rate. Combining vehicle lateral velocity 
with any of these sensed vehicle state parameters can provide a measure that enhances the 
ability of a rollover algorithm to more quickly estimate or predict whether or not the vehicle 
will rollover. 

For example, in accordance with an energy-based approach, a theoretical deployment 
30 threshold in the phase space of roll rate and roll angle could be of the form: 

function(v (ateral ) + function(rollrate), for example: 

Ci*vL«/ + At + 2> ro //)=c 2 

time 

-34- 



WO 03/081180 PCT/US03/08358 

where d is a vehicle-specific constant, v fa/ffra/ is the lateral speed of the vehicle, co^ is the 

roll rate of the vehicle, and C2 is the potential energy required for rollover, which provides a 
measure roughly proportional to the total energy that may be available or is contributing to 
roll motion, i.e. the total of the lateral kinetic energy, the roll rotational kinetic energy, and 
5 the roll-angle-contributed potential energy. For purposes of comparison, the theoretical 
deployment threshold illustrated in Fig. 15 is given by the latter term of the above function, 
*- e - + Accordingly, the former term of the above function, i.e. C, * vf ateral can 

time 

be interpreted as a threshold-lowering offset that is dependent upon lateral velocity. Specific 
threshold characteristics for a particular vehicle can be tailored using either test data or 
10 analysis to relate the particular threshold function to a minimum value that results in vehicle 
rollover. 

In other embodiments, the measure of lateral velocity can be used to modify the 
deployment threshold function(s) of either the hereinabove described energy algorithm 
300.2 or the hereinabove described measures algorithm 300.1. 

15 For example, referring to Fig. 17, the roll rate - roll angle deployment threshold of the 
energy algorithm 300.2 can be adjusted lower responsive to the measure of lateral velocity, 
as indicated by the dashed line in Fig. 17. For example, the entire threshold curve might be 
shifted downward by a roll rate that is dependent upon the measure of lateral velocity, in 
accordance with the associated lateral translational kinetic energy that is available to be 

20 converted into roll motion. 

As another example, referring to Fig. 18, a threshold for a rollover measure that increases 
in magnitude for increasing roll probability - e.g. the threshold function of the measures 
algorithm 300.1 — can be adjusted by a multiplicative factor that is a function of the 
magnitude of lateral velocity. For example, a velocity magnitude, Vi, could be chosen for 

25 which the nominal rollover deployment threshold is not modified (threshold multiplier of 1). 
For lower speeds the threshold is raised by a threshold multiplier factor (greater than 1), and 
for higher speeds the threshold is lowered by a threshold multiplier factor (between 1 and 0), 
wherein the multiplier factor is a function of the measure of lateral speed. Alternately, 
instead of modifying the threshold in this manner, the particular rollover measure could be 

30 changed by adding an appropriate function of lateral velocity so as to achieve an equivalent 
result. 
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The measure of vehicle lateral velocity can be either directly measured - as described 
hereinabove - or indirectly estimated. The estimation of lateral velocity can be based upon 
measurements from sensors that would already be incorporated in the vehicle, e.g. for vehicle 
stability or non-roll crash sensing, thereby precluding the need for a lateral velocity sensor to 
5 provide a direct measure of lateral velocity. 

For example, a measure of lateral velocity can be estimated using a measurement of 
lateral acceleration from a lateral accelerometer, together with either a measurement of yaw 
rate from a yaw rate sensor, or a measurement of vehicle forward speed and steering wheel 
angle respectively from a respective vehicle speed sensor and a steering wheel angle or front 

10 wheel angle sensor. The acceleration measurement from the lateral accelerometer can be 
integrated as a function of time to obtain a measure of lateral speed, and the output of the yaw 
rate sensor (or forward velocity sensor) combined with the steering wheel or front wheel 
angle sensor can be used to correct the integrated lateral speed responsive to measured yaw 
rotational motion. For example, the lateral speed can be estimated by integrating (or 

15 discretely summing) the measured lateral acceleration with respect to time after subtracting 
the centripetal acceleration derived from combining the yaw rate sensor (or forward velocity 
sensor) and the steering angle sensor as follows: 



where v la{eral is the calculated lateral speed of the vehicle; Q) yaw is the measured yaw rate of 

20 the vehicle; R is the vehicle turn radius as derived from the steering wheel angle, front tire 
angle sensor, or separate measures of wheel speed from separate front wheel speed sensors; 



The input signals used in this calculation would be low pass filtered and compensated to 
remove offsets. A particular type of vehicle will have an associated maximum yaw rate, or 
25 forward velocity, that can occur for a given steering radius, whereby a higher forward 
velocity or yaw rate would result in lateral tire slippage and an associated lateral vehicle 
speed, for typical road/tire conditions. The centripetal acceleration correction based upon 
either the yaw rate and vehicle turn radius or the forward speed and the vehicle turn radius 
would be limited to a maximum vehicle-specific magnitude. For most vehicles with good 

30 tires on dry pavement (ideal conditions) the correction term, co 2 yaw * R or vj onvard I R , would 




or 




and v 



forward 



is the forward vehicle speed. 
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be limited to about ±0.8g corresponding to the vehicle-specific maximum sustainable 
centripetal acceleration on typical dry, flat pavement. In real driving situations it may be 
possible to achieve higher centripetal accelerations, for example, if the driving terrain 
allowed the tires to dig into the driving surface. Notwithstanding that these conditions could 

5 produce a larger estimate of lateral velocity than experienced by the vehicle, these conditions 
are also much more conducive to generating an actual rollover event because the tires and 
rims are potentially able to cause substantially larger torque-inducing force on the vehicle. 
The calculation may require some damping term and/or conditions that allow for either only a 
triggered calculation of the lateral velocity, or an event driven reset of the estimated lateral 

10 velocity to zero, so as to preclude the adverse affect of an uncorrected offset when integrating 
lateral acceleration over a relatively long period of time. 

■ 

The yaw rate sensor measures the rotation rate about a vertical axis of the vehicle 12. 
The description hereinabove assumed that the forward vehicle velocity and yaw rate are 
related by a simple constant: v fonvard = 0) ymv * R , which is generally true under conditions for 

15 which the tires do not slip on the driving surface. Under conditions for which the vehicle 12 
tires are slipping, the vehicle 12 may have some rotational motion about a vertical axis other 
than the center of the commanded turn radius, in which case the product of the yaw rate and 
the turn radius could be expected to exceed the forward velocity. In a rollover detection 
system 10.1 incorporating sensors for forward velocity v fonvard , yaw rate Q) yaw and turn radius 

20 R, all three of these signals could be utilized to obtain both a measure of lateral velocity and a 
measure of vehicle spin rate as follows: 

v fatera/ =J(A tora ,»v^//?)A , where v 2 fonvard /R is bounded by ± A cenllipetalMAX 
spin rate = 0) yaw - v /onvfl7x/ / R , where v fonvard /R is bounded by ± A 

centripetal MAX forward 



Vehicle spin rate could be important because if a vehicle is primarily spinning about a 
25 vertical axis near the mounting location of the lateral accelerometer, then, especially for low 
friction road condition (e.g. icy roads), the lateral accelerometer may not adequately detect 
the change in lateral velocity of the vehicle. Accordingly, the lateral velocity estimate can be 
further corrected as follows: 



^lateral 



= \(K,,ral -Vln mr <l * R) & + V fomanl * COs(f Spin VOte ■ dt) 
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wherein the added correction term integrates the estimated vehicle spin rate to obtain a 
vehicle spin angle, which is then used to determine an estimate of the projection of the 
forward vehicle speed onto lateral motion that might be otherwise be undetected by the lateral 
accelerometer. 

5 The parameters of the herein-described roll discrimination algorithm are derived from 
associated test data, and may require adjustment if applied to other types of vehicles than for 
those for which the parameters were derived, wherein a criteria for the adjustment is, for 
example, robust and early detection of rollover events while also avoiding, to the extent 
possible, falsely discriminating non-rollover events as rollover events. The particular values 

10 for various parameters described herein are not considered to be limiting, and, for example, 
may be different for different types of vehicles, which may have different susceptibilities to 
rollover. For example, a vehicle with a relatively high center of gravity or a relatively narrow 
wheel-base - e.g. a sport-utility vehicle -- would be more susceptible to rollover than a 
vehicle having a relatively low center of gravity or a relatively wide wheel-base - e.g. a 

15 passenger sedan. Furthermore, the rollover detection system 10 as could also be adapted to 
sense pitchover events, i.e. about the local Y-axis of the vehicle, by providing an associated 
longitudinal accelerometer and a pitch rate sensor. 

The lateral velocity sensor - which provides for a direct measurement of the lateral 
velocity of the vehicle - and the lateral velocity estimation algorithm described herein, 
20 provide means for measuring or estimating lateral velocity that are substantially more 
accurate that might otherwise be inferred by either integrating only a measure of lateral 
acceleration, or by using a measure of longitudinal velocity of the vehicle, and thereby 
provides for improved discrimination of rollover events. 

While specific embodiments have been described in detail, those with ordinary skill in the 
25 art will appreciate that various modifications and alternatives to those details could be 
developed in light of the overall teachings of the disclosure. Accordingly, the particular 
arrangements disclosed are meant to be illustrative only and not limiting as to the scope of the 
invention, which is to be given the full breadth of the appended claims, and any and all 
equivalents thereof. 
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WE CLAIM: 

1. A system for detecting a rollover condition of a vehicle, comprising: 

a. a roll angular velocity sensor operatively coupled to the vehicle, wherein said roll 
angular velocity sensor is adapted to measure a roll rate of the vehicle about a roll 
axis, and said roll axis is substantially aligned with a longitudinal axis of the vehicle; 

b. a lateral velocity sensor operatively coupled to the vehicle, wherein said lateral 
velocity sensor is responsive to a velocity of the vehicle in a direction that is 
substantially lateral to said vehicle, and said lateral velocity sensor is selected from an 
ultrasonic sensor, a microwave sensor, a radar sensor, and an optical velocity sensor; 
and 

c. a processor operatively coupled to said roll angular velocity sensor and to said lateral 
velocity sensor, wherein said processor is adapted to generate a signal for controlling 
a safety restraint system, and said signal for controlling said safety restraint system is 
responsive to a signal from said roll angular velocity sensor and to a signal from said 
lateral velocity sensor. 

2. A system for detecting a rollover condition of a vehicle as recited in claims 1, wherein 
said processor is adapted to determine a measure of roll angle by integrating said signal 
from said roll angular velocity sensor, and said signal for controlling said safety restraint 
system is further responsive to said measure of roll angle. 

3. A system for detecting a rollover condition of a vehicle as recited in claims 1, further 
comprising a longitudinal velocity sensor operatively coupled to the vehicle, wherein said 
longitudinal velocity sensor is responsive to a velocity of the vehicle in a direction that is 
substantially along said longitudinal axis of the vehicle, and said signal for controlling 
said safety restraint system is further responsive to a signal from said longitudinal 
velocity sensor. 

4. A system for detecting a rollover condition of a vehicle as recited in claims 1, further 
comprising an accelerometer operatively coupled to the vehicle, wherein said 
accelerometer is adapted to measure an acceleration of the vehicle substantially in said 
lateral direction, and: said signal for controlling said safety restraint system is further 
responsive to a signal from said accelerometer. 
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5. A method of providing for detecting a rollover condition of a vehicle, comprising: 

a. providing for acquiring a measure of roll angular velocity of the vehicle about a roll 
axis, wherein said roll axis is substantially aligned with a longitudinal axis of the 
vehicle; 

b. providing for acquiring a measure of lateral velocity of the vehicle, wherein said 
measure of lateral velocity is directly representative of a lateral velocity of the 
vehicle; and 

c. providing for generating a signal for controlling a safety restraint system, wherein 
said signal for controlling said safety restraint system is responsive to said measure of 
roll angular velocity and to said measure of lateral velocity. 

6. A method of providing for detecting a rollover condition of a vehicle as recited in claim 

5, wherein said signal for controlling said safety restraint system is responsive to a 
deployment threshold, and said deployment threshold is responsive to said measure of 
lateral velocity. 

7. A method of providing for detecting a rollover condition of a vehicle as recited in claim 

6, wherein said deployment threshold is shifted by an offset responsive to said measure of 
lateral velocity. 

8. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
6, wherein said deployment threshold is scaled by a factor responsive to said measure of 
lateral velocity. 

■ 

9. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
5, further comprising: 

V 

a. providing for comparing a third measure with a first threshold, wherein said third 
measure is responsive to said measure of lateral velocity; and 

b. providing for delaying or inhibiting deployment of said safety restraint system if said 
third measure is less than said first threshold. 

10. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
5, further comprising: 

a. providing for acquiring a measure of longitudinal velocity of the vehicle; 
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b. providing for determining a measure of translational velocity of the vehicle, wherein 
said measure of translational velocity is responsive to said measure of longitudinal 
velocity and to said measure of lateral velocity; 

c. providing for comparing a fourth measure with a second threshold, wherein said 
fourth measure is responsive to said measure of translational velocity; and 

d. providing for inhibiting deployment of said safety restraint system if said fourth 
measure is less than said second threshold. 

11. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
5, further comprising: 

a. providing for determining or acquiring a measure of roll angle from said measure of 
roll angular velocity; 

b. providing for determining a threshold function in a phase space of said measure of roll 
angular velocity and said measure of roll angle; 

c. providing for modifying said threshold function responsive to said measure of lateral 
velocity; and 

d. providing for comparing a measure in phase space with said threshold function, where 
said measure in phase space comprises a combination of said measure of roll angular 
velocity and said measure of roll angle, wherein said signal for controlling said safety 
restraint system is responsive to the operation of comparing said measure in phase 
space with said threshold function. 

12. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
11, wherein said threshold function comprises either a function in phase space, a 
piecewise function in phase space, or a table lookup in phase space. 

13. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
11, wherein the operation of modifying said threshold function comprises determining a 
roll angular velocity offset responsive to said measure of lateral velocity, and subtracting 
said roll angular velocity offset from said threshold function. 
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14. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
5, further comprising: 

a. generating a fifth measure responsive to said measure of lateral velocity and to at least 
one of a measure selected from the group comprising said measure of roll angular 
velocity, a measure of roll angle of the vehicle, a measure of lateral acceleration of the 
vehicle, a measure of vertical acceleration of the vehicle, a measure of steering wheel 
angle of the vehicle, a measure of longitudinal speed of the vehicle, and a measure of 
yaw rate of the vehicle; 

b. comparing said fifth measure with a third threshold; and 

c. controlling said safety restraint system responsive to the operation of comparing said 
fifth measure with said third threshold. 

15. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
14, wherein said fifth measure comprises a combination of a lateral translational kinetic 
energy measure and a measure responsive to said roll rate measure, wherein said lateral 
translational kinetic energy measure is responsive to said measure of lateral velocity, and 
said measure responsive to said roll rate measure is responsive to at least one of a 
rotational kinetic energy measure and a measure of roll angle, wherein said rotational 
kinetic energy measure is responsive to said measure of roll angular velocity, and said 
measure of roll angle is responsive to an integration of said measure of angular velocity. 

16. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
5, wherein the operation of providing for generating said signal for controlling said safety 
restraint system comprises: 

a. providing for acquiring a measure of lateral acceleration of the vehicle; 

b. providing for determining a figure of merit responsive to said measure of lateral 
acceleration and said measure of roll angular velocity; 

c. providing for determining a figure of merit threshold responsive to said measure of 
lateral velocity; and 

d. providing for detecting the rollover condition by comparing said figure of merit with 
said figure of merit threshold. 
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17. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
16, wherein the operation of providing for determining a figure of merit threshold 
comprises multiplying a first figure of merit threshold by a threshold multiplier, and said 
threshold multiplier is responsive to said measure of lateral velocity. 

18. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
16, wherein the operation of providing for determining a figure of merit threshold 
comprises adding an offset to a first figure of merit threshold, and said offset is 
responsive to said measure of lateral velocity 

19. A method of providing for detecting a rollover condition of a vehicle, comprising: 

a. providing for acquiring a measure of roll angular velocity of the vehicle about a roll 
axis, wherein said roll axis is substantially aligned with a longitudinal axis of the 
vehicle; 

b. providing for acquiring a measure of lateral acceleration of the vehicle; 

c. providing for acquiring at least one of a measure of longitudinal velocity of the 
vehicle and a measure of yaw angular velocity about a yaw axis; 

d. providing for determining a measure of a turn radius of the vehicle; 

e. providing for determining a measure of lateral velocity of the vehicle responsive to 
said measure of lateral acceleration, to said measure of said turn radius, and to at least 
one of said measure of longitudinal velocity and said measure of yaw angular 
velocity; and 

f. providing for generating a signal for controlling said safety restraint system, wherein 
said signal for controlling said safety restraint system is responsive to said measure of 
roll angular velocity and to said measure of lateral velocity. 

20. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
19, wherein the operation of determining a measure of turn radius comprises: 

a. acquiring at least one of a measure of steering wheel angle, a measure of a front tire 
angle, and measures of forward velocity from separate front wheel speed sensors; and 

b. determining said measure of turn radius responsive to said at least one of a measure of 
steering wheel angle, a measure of a front tire angle, and measures of forward velocity 
from separate front wheel speed sensors. 
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21. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
19, wherein the operation of providing for determining a measure of lateral velocity 
comprises integrating a fourth measure, wherein said fourth measure is responsive to a 
difference between said measure of lateral acceleration and a measure of centripetal 
acceleration, and said measure of centripetal acceleration is responsive to said turn radius, 
and to at least one of said measure of yaw angular velocity and said measure of 
longitudinal velocity. 

22. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
21, further comprising limiting a magnitude of said measure of centripetal acceleration by 
a centripetal acceleration threshold. 

23. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
21, wherein said measure of centripetal acceleration comprises a product of said measure 
of yaw angular velocity and said turn radius. 

24. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
21, wherein said measure of centripetal acceleration comprises said measure of 
longitudinal velocity divided by said turn radius. 

25. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
21, wherein the operation of providing for determining a measure of lateral velocity 
further comprises: 

a. determining a measure of spin rate, wherein said measure of spin rate is responsive to 
said measure of yaw angular velocity, and to a fifth measure, wherein said fifth 
measure is responsive to said measure of longitudinal velocity, and to said turn radius; 

b. integrating said measure of spin rate so as to generate a measure of spin angle; 

c. generating a sixth measure by multiplying said measure of longitudinal velocity times 
said spin angle; and 

d. generating a modified measure of lateral velocity by adding said sixth measure to said 
measure of lateral velocity. 

26. A method of providing for detecting a rollover condition of a vehicle as recited in claim 
25, further comprising limiting said fifth measure responsive to a centripetal acceleration 
threshold and to said measure of longitudinal velocity. 
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